A numerical solution to the problem of existence and stability of topological solitons in a polyethylene chain surrounded by immovable neighboring chains is obtained. In the framework of a realistic model that takes into account deformations of valence bonds, valence and torsional angles, as well as intermolecular interactions, three types of solitons describing local topological defects in the crystal are found. They correspond, respectively, to ͑i͒ stretching or compression of the zigzag backbone by one lattice spacing, ͑ii͒ stretching or compression over half-lattice spacing together with twisting by 180°, and ͑iii͒ pure twisting by 360°. The existence of such solitons is caused by specific topology of the polyethylene crystal. For each of these solitons the velocity spectrum is found in the subsonic region. Molecular-dynamics modeling leads to conclusion about their stability in the whole interval of admissible velocities. The influence of temperature is also taken into account. It is shown that thermal vibrations can result only in the formation of the second type of solitons. These solitons are created as kink-antikink pairs that can move along the chain as Brownian particles. The abrupt increase of the soliton density is shown to occur near the crystal melting point.
I. INTRODUCTION
In the last decades the localized solitonlike excitations have attracted growing attention in connection with their role in various relaxation and deformation processes.
1-6 The defect structure of polymer crystals 7, 8 is usually studied in terms of static topological solitons; their mobility determines the specific ''solitonic contribution'' to thermodynamics and kinetics of polymer crystals.
At the same time, the theoretical analysis of soliton excitations, taking into account the realistic structure of crystal macromolecules, deals with significant difficulties caused by nonlinearity of equations of motion combined with the fact that the system is multicomponent. That is why schematic models of polymer chains that are reduced to a onecomponent one were used instead.
1 More precisely, a twocomponent model was considered in Ref. 8 dealing with the solitons of stretching ͑or compression͒ as well as with the combined solitons of stretching ͑compression͒ and twisting ͑an approximate analytical study͒. The latter type of localized excitations has been a subject of studies in Refs. 9 ͑a numerical integration of the two-component model͒ and 10 ͓a molecular-dynamics modeling of the polyethylene ͑PE͒ chain surrounded by immobile neighbors͔. Some important observations concerning the nonlinear twist dynamics were made in the framework of a molecular-dynamical model of the PE crystal. 11, 12 The difficulties of theoretical revealing of solitonlike solutions were successfully overcome in the analysis of an isolated polymer chain, 13, 14 using the numerical minimization method. 15, 16 In the present paper, this method is applied to the study of the topological solitons in a PE chain interacting with its immovable neighbors. In the framework of a realistic model, taking into account deformations of valence bonds, valence and torsional angles, as well as intermolecular interactions with neighboring chains, solitonlike solutions are found and their dynamical properties are studied. We have taken into account the effect of temperature as well and study the role of solitons in premelting the PE crystal.
II. THE MODEL
Each polyethylene molecule in the crystal (CH 2 ͒ ϱ is found in the trans conformation that is described by the spacing 0 ϭ1.53 Å ͑equilibrium length of the valence bond H 2 C-CH 2 ) and by the zigzag angle 0 ϭ113°͑equilibrium valence angle CH 2 -CH 2 -CH 2 ). Because in the studies of low-energetic dynamical processes in polyethylene the motion of hydrogen atoms with respect to the main chain is not essential, the approximation of ''united atoms'' 11 can be used, so that we will consider each CH 2 group as a single particle. In this approach only a monoclinic lattice can be stable. 17 Therefore we consider such a lattice with the periods providing the realistic density. The corresponding structure of the crystal is presented in Fig. 1 . All the macromolecules are situated in parallel planes. The structure of the crystal is completely determined by the zigzag angle and three parameters a, b, c. Let us consider an isolated molecule of the PE crystal. We choose the coordi-nate system in such a manner that the nth unit CH 2 in the equilibrium state has coordinates
where nϭ0,Ϯ1,Ϯ2, . . . is the number of units, and l x ϭ 0 cos( 0 /2), l z ϭc/2ϭ 0 sin( 0 /2) are transversal and longitudinal constants of the trans zigzag. Let us label the nearest six chains of the crystal by numbers from 1 to 6 as shown in Fig. 1 . Then the nth unit of the kth chain has the coordinates in the equilibrium state Next, we study the dynamics of only a central chain (k ϭ0) and take into account its interaction with the six neighboring chains (kϭ1,2, . . . ,6) that are supposed to be immobile ͑''fixed neighbor'' approximation͒. It is convenient to introduce the relative coordinates:
The local systems of coordinates are schematically shown in Fig. 1 . The Hamiltonian of the chain can be written as follows:
where the first term describes the kinetic energy of nth unit, the second the deformation energy of the nth valence bond, the third the deformation energy of the nth valence angle, the fourth the deformation energy of nth torsional angle, and the last term the energy of interaction of the nth unit with the six neighboring chains ͑substrate potential͒, M ϭ14m p is the mass of the united atom (m p is the proton mass͒. The length of nth valence bond is
, where a n,1 ϭu n ϩu nϩ1 Ϫl x , a n,2 ϭv n ϩv nϩ1 , a n,3 ϭw nϩ1 Ϫw n ϩl z , the cosine of the nth valence angle is cos͑ n ͒ϭ͑ a nϪ1,1 a n,1 ϩa nϪ1,2 a n,2 Ϫa nϪ1,3 a n,3 ͒/ nϪ1 n , and the cosine of the nth torsional angle is 
where the Lennard-Jones potential
describes the interaction of the zeroth unit of the central chain with the nth unit of the kth chain. The distance between these units is given by In accordance with Ref. 11, the parameters of the LennardJones potential are ϭ3.8 Å, ⑀ϭ0.4937 kJ/mol. The potential ͑2͒ is a periodic function with respect to the variable w with the period 2l z .
The use of the infinite series ͑2͒ is inconvenient for numerical studies because the power decrease of the series terms requires the summation of a large number of the terms (Ϫ50рnр50) and therefore long computation times. That is why we used the more simple substrate potential
The two-dimensional shape of this potential was first used in Ref. 18 under the generalization of the Frenkel-Kontorova model for zigzaglike molecular chains. The potential ͑3͒ is a periodic function with respect to the variable w with the period 2l z . The minima of both the potentials coincide with the equilibrium states of the transzigzag units in the undeformed crystal.
The large number of the free parameters ͑3͒ ( u , v , w , K u , and K v ) allows us to approximate accurately the potential ͑2͒. Let us consider a longitudinal displacement and a rotation of the trans zigzag around the axis xϭ0, yϭ0. The local coordinates of the chain units depend on the angle :
To find appropriate values of the free parameters of the potential ͑3͒, let us solve the problem of minimization
͑4͒
where Z 0 ϭZ ϱ (0,0,0). The numerical study of the problem ͑4͒ has shown that the error of approximations of the infinite series ͑2͒ by the analytic potential ͑3͒ is minimal when the values of the parameters become u ϭ0. 
III. DISPERSION EQUATION
Small-amplitude vibrations of the isolated trans-zigzag backbone have been studied in Refs. 19, 20, and 13. Let us consider such vibrations taking into account the intermolecular interactions. Because an account of these interactions in the linear approach does not lead to significant complications of calculations, we omit some intermediate steps in deriving final equations.
The Hamiltonian of the chain ͑1͒ in the case of smallamplitude vibrations takes the form
with the stiffness constants
.184 N/m of the valence bond, valence angle, and torsional angle, respectively. The stiffness constants of the intermolecular interaction are
The coefficients c 1 and c 2 are given by c 1 ϭsin( 0 /2), c 2 ϭcos( 0 /2). It follows from the quadratic Hamiltonian ͑5͒ that smallamplitude vibrations can be separated into the in-plane ͑in the plane of the trans-zigzag backbone͒ and transversal ͑per-pendicular to the plane of the trans-zigzag backbone͒ vibrations. The plane harmonic waves have the form
where is the frequency, q (Ϫрqр) the dimensionless wave number, and the amplitudes A u and A w satisfy the linear system of equations that after simple transformations can be reduced to the form
The transversal harmonic waves have the form
where the frequency of vibrations is t ͑ q ͒ϭͱ͓K 3 ͑ 4ϩ2 cos qϪ4 cos 2qϪ2 cos 3q ͒ϩK v ͔/M ͑8͒ and the dimensionless wave number lies in the interval Ϫ рqр.
The dispersion curves are presented in Fig. 3 . The upper branch of the curve ͑7͒ ϭ ϩ (q) corresponds to highfrequency optical phonons of the trans-zigzag backbone and the lower one ϭ Ϫ (q) to plane acoustic phonons. The curve ͑8͒ describes the torsional phonons in the chain. When a substrate is present in the chain, the branches of the acoustic phonons are separated from zero.
In the free chain (K u ϭ0, K v ϭ0, K w ϭ0) the frequencies Ϫ and t tend to zero if q→0 and q→. Let us determine the velocity of long-wavelength plane acoustic phonons where the dimensionless parameter ϭK 2 /K 1 0 2 ϭ0.019 29 characterizes the ratio of the stiffness of the valence angle and the valence bond. The velocity of long-wavelength torsional phonons is
The value of velocity of the in-plane longitudinal sound v a ϭ7810 m/s is somewhat higher than that of the velocity of the torsional sound v t ϭ7613 m/s.
IV. VARIATIONAL TECHNIQUES FOR FINDING SOLITONLIKE SOLUTIONS
The equations of motion that correspond to the Hamiltonian ͑1͒ have the form
The complexity of this system does not allow us to perform an analytic study. That is why we use the variational techniques proposed in Refs. 15 and 16 for seeking solitonlike solutions.
We look for solutions of the system ͑9͒ in the form of a traveling wave with smooth constant profile. To this end, we put u n (t)ϭu(), v n (t)ϭv(), and w n (t)ϭw(), where ϭnl z Ϫvt with v being the wave velocity. The functions u, v, and w are supposed to depend smoothly on the variable . Then we can represent the time derivatives of u n , v n , and w n by the difference derivatives as follows:
These difference approximations provide the account of the dispersion that appears due to the discreteness of the chain backbone.
Using the discretized version ͑10͒-͑12͒, we can write the equations of motion ͑9͒ in the form
that corresponds to the equations of motion ͑9͒.
A soliton solution of the system ͑13͒ may correspond to a saddle point of the Lagrangian L. Therefore we look for it as a minimum of the functional
, we have to solve numerically the minimization problem
The boundary conditions ͑15͒ and ͑16͒ for the problem ͑14͒ determine the type of soliton solutions. The number N should be chosen sufficiently large in order to prevent the dependence of the soliton shape on N. The solution of the problem given by Eqs. ͑14͒, ͑15͒, and ͑16͒ allows us to find numerically all solitonic solutions, i.e., smooth solitary waves of constant profile that are solutions to the equations of motion ͑9͒. The absence of such solutions at a certain value v means the nonexistence of the soliton motion with this velocity. Let us consider the possible local topological defects of the trans-zigzag backbone. It is seen from Fig. 2 that the trans-zigzag chain can be transformed into itself by the three isometric transformations: the shift along the z axis by one zigzag period wϭ2l z , the shift by the half period wϭl z and rotation of the whole chain around the z axis by the angle ϭ, and the rotation of the chain by the angle ϭ2. The transition from the point (0,0) to (2l z ,0) in the space (w,) corresponds to the first transformation, from the point (0,0) to the point (l z ,) to the second one, and from the point (0,0) to the point (0,2) to the third one. Each of these transformations requires overcoming the potential barrier ͑see Fig. 2͒ . All the other isometric transformations that preserve the form of the trans-zigzag backbone are the compositions of these three as well as of the three inverse transformations.
Consequently, only the three main types of local topological defects are possible: the pure stretching ͑compression͒ of the trans-zigzag chain, the stretching ͑compression͒ accompanied by the twist, and the pure twist. Let us determine the rotational angle of the nth unit of the chain n ϭarg͓l x Ϫu n Ϫu nϩ1 ϩi͑v n ϩv nϩ1 ͔͒ where i is the imagine unity. The topological charge of the defect can be written as the two-dimensional vector q ϭ(q 1 ,q 2 ), where
Then the first type of defects has the topological charge q ϭ(1,0) ͓qϭ(Ϫ1,0)͔, the second one qϭ(0.5,Ϯ5), ͓qϭ (Ϫ0.5,Ϯ0.5)͔, and the third one qϭ(0,Ϯ1).
For finding a soliton solution with topological charge q ϭ(q 1 ,q 2 ) it is necessary to solve the minimization problem ͑14͒ with the boundary conditions
The solution of this problem has been performed numerically by the method of conjugated gradients (Nϭ500). The starting point was chosen to be u n ϭl x ͓1Ϫcos͑ 2q 2 r n ͔͒/2, v n ϭl x sin͑2q 2 r n ͒/2, w n ϭ2l z q 1 r n , where r n ϭ͕1ϩtanh͓͑nϪ͑NϪ1͒/2͔͖͒/2 and is an adjustable parameter.
The soliton solution ͕u n 0 ,v n 0 ,w n 0 ͖ nϭ1 N corresponds to the topological soliton with the energy
and the mean-square width ͑measured in the periods of the chain͒
where the point 
where the constant C is found from the normalization condition
Let us define the parameters that describe the amplitude of chain deformations in the region of soliton localization, i.e., of the maximal deformations of the valence bonds It is possible to find numerically the rest mass of the soliton as the limit
V. DYNAMICAL PROPERTIES OF SOLITONS
The numerical solution of the minimization problem given by Eqs. ͑14͒, ͑15͒, and ͑16͒ has shown that the system of the equations of motion ͑9͒ has the soliton solutions with topological charge qϭ(1,0) only for dimensionless velocities sϭv/v a in the subsonic interval 0рsр0.79 whereas the solutions with topological charge qϭ(Ϫ1,0) are in the interval 0рsр0.66. The topological solitons with charge qϭ (Ϯ0.5,Ϯ0.5) exist only for 0рsр0.4 while the solitons with qϭ(0,Ϯ1) only for 0рsр0.35.
The typical profile of the topological solitons with charge qϭ(1,0) ͓qϭ(Ϫ1,0)͔ is presented in Fig. 4 . The soliton has the form of a kink ͑antikink͒ with respect to the w n component, and the bell-shaped profile with respect to the u n component. All the chain particles are found in the trans-zigzag backbone plane (v n ϵ0). When q 1 ϭ1, the dilatation of the zigzag backbone in the localization region occurs, so that the valence bonds and angles are stretched. The case q 1 ϭϪ1 corresponds to a localized compression of the zigzag chain ͑the valence bonds and angles are compressed͒. The values of the energy E, width D, and maximal deformations ⌬ and ⌬ are presented in Table I . As follows from this table, the deformations of the valence bonds do not exceed 0.01 Å while the maximal deformations of the valence angles can approach 8°. Therefore, the tension ͑compression͒ of the trans-zigzag backbone is provided mainly by increase ͑de-crease͒ of the valence angles. The profile of the soliton with topological chargeϭ(0.5,0.5) ͓qϭ(Ϫ0.5,0.5)͔ is presented in Fig. 5 . The soliton has the form of a kink ͑antikink͒ with respect to the components w n , u n and a bell-like profile with respect to the component v n . If q 1 ϭ0.5, the tension and torsion of the zigzag backbone occur ͑the valence bonds and angles are tensed, but the torsion angles are compressed͒. When q 1 ϭ Ϫ0.5, the bonds and angles as well as the torsion angles are compressed. The rotations of the chain segments n also have the form of a kink. The values of the energy E, width D, and maximal deformations ⌬, ⌬, and ⌬␦ are given in Table II . It follows from this table that the deformations of the valence bonds do not exceed 0.007 Å, i.e., the tension ͑compression͒ and torsion of the trans-zigzag chain are realized mainly by the change of the torsional and valence angles.
The soliton solution with topological charge qϭ(0,1) is presented in Fig. 6 . The displacements of all the three components w n , v n , and u n have the form of a solitary wave, but in combination they describe a localized rotation of the chain by the angle 2 ͑the soliton has the form of a kink with respect to the rotation by n ). The values of the energy E, width D, and maximal deformations ⌬, ⌬, and ⌬␦ are presented in Table III . In the region of localization of the soliton, a very small tension of the valence bonds accompanied by a compression of the valence angles occurs, i.e., the torsion of the zigzag backbone is accomplished mainly due to the deformation of the torsional angles.
The dependences of the energy E and width D of the solitons on the dimensionless velocity s are presented in Fig.  7 . With the growth of the velocity, the soliton energies monotonically increase and the widths monotonically decrease. The soliton with topological charge qϭ(0,Ϯ1) has the maximal energy while the soliton with charge qϭ(0.5, Ϯ0.5) the minimal one. The stretching solitons (q 2 ϭ0) are approximately two times wider than the torsional solitons (q 2 0).
The topological excitations in a single chain can be formed only as pairs of the topological solitons with opposite signs ͑in general, the sum of the topological charges has to be equal to zero͒. Therefore the energy of formation of the soliton pair with topological charges q and Ϫq has not to be less than the sum of their energies E c (q)ϭE(q)ϩE(Ϫq). The values of the rest masses M 0 and the energies of formation of the soliton pairs E c are presented in Table IV . The torsional solitons ͓qϭ(0,Ϯ1)͔ have the largest mass and energy of formation while the solitons with longitudinal deformation (q 1 0) have approximately equal masses and energies of formation.
VI. NUMERICAL MODELING OF THE SOLITON DYNAMICS
For the estimation of the stability of nonlinear excitations we perform the modeling of the soliton dynamics in the finite chain consisting of N 1 ϭ1000 segments. To this end, we numerically integrated the system of the equations of motion 
To perform modeling the soliton dynamics in an infinite chain, after the passage of N 1 /2 segments to the right, the soliton was shifted to the left by the number of segments that were passed. The system of the equations of motion ͑17͒ was integrated numerically by the conventional fourth-order Runge-Kutta method with constant step of integration. The accuracy was controlled by conservation of the total energy integral
Thus, in the case of the time step ⌬tϭ8ϫ10 Ϫ16 s the total energy of the system was conserved with accuracy up to seven digits during the full time of integration. For analysis of the soliton dynamics it is convenient to introduce the dimensionless time ϭv a t/l z ͑one time unit of the dimensionless time corresponds to the passage time by sound of one chain segment t 0 ϭl z /v a ϭ1.633ϫ10 Ϫ14 s͒. The numerical modeling has shown that at all admissible values of the velocity, the topological solitons are dynamically stable. They propagate with constant velocity and retain their initial form. Thus, when the initial value of dimensionless velocity was sϭ0.25, the soliton with topological charge qϭ(1,0) passed 10 000 segments during the dimensionless time interval ϭ40 010.2. At the final time instant, this soliton had the velocity sϭ0.2499 and its profile totally coincided with the initial one ͑see In the previous study 13 it was shown that in an isolated trans-zigzag chain the supersonic acoustic solitons of stretching can exist. The existence of this type of soliton is caused by the geometric nonlinearity of the trans-zigzag backbone. They have a narrow supersonic spectrum of velocities. On the other hand, 21, 22 in an anharmonic chain with a periodic on-site potential, the supersonic solitons with preferred values of velocity can exist. Therefore it is also reasonable to expect in this case the existence of a stretching soliton ͓qϭ(1,0)͔ with some preferred supersonic value of velocity. The solution of the problem ͑14͒ has shown that at considered values of the system parameters such supersonic velocities are impossible. For additional examination let us consider the acoustic supersonic soliton for the value of dimensionless velocity sϭ1.014 205 when the total stretching of the chain coincides with 2l z . This means that the chain being isolated can be ''embedded'' without deformation into the crystal. The numerical modeling of the soliton dynamics has shown that its propagation in such a case is accompanied by radiation of phonons that leads to braking. Radiation of phonons disappears when the velocity of soliton becomes equal to the upper boundary of admissible subsonic velocities of the stretching soliton. It confirms the absence of preferred values of supersonic velocities for the stretching soliton, but this conclusion may be incorrect if the parameters of the potential change.
Let us consider now the head-on collision of the topological solitons. To this end, one of the solitons is supposed to have the topological charge q 1 and the other the charge q 2 . The length of the chain was chosen N 1 ϭ1000. The viscous friction was introduced at the ends of the chain that provides the absorption of the phonon radiation after the collision. Let the solitons initially propagate towards each other with the same velocity sϭ0.25.
The dependence of the results of the soliton collision on their topological charges q 1 , q 2 is presented in Table V . It is obvious that the collision cannot lead to change of total topological charge of the chain q 1 ϩq 2 . Therefore the complete recombination is possible only for the solitons with different signs of their charges (q 1 ϭϪq 2 ), when the total charge of the chain equals zero. If this total charge does not equal zero, the collision of solitons may lead to their reflection, passage one through another, change of the type ͑change of topological charges͒, and to partial recombination ͑change of the number of solitons͒.
Solitons with the same topological charges (q 1 ϭq 2 ) demonstrate an elastic reflection without radiation of phonons and excitation. The collision of solitons with opposite signs q 1 ϭ(0,Ϯ1) and q 2 ϭ(0,ϯ1) results in their recombination ͑see Fig. 8͒ . As this takes place, the breatherlike localized torsional vibrations of the chain are formed. The recombination is accompanied by intensive radiation of phonons. The collision of the solitons with the charges q 1 ϭ(Ϯ0.5,Ϯ0.5) ͓q 1 ϭ(Ϯ0.5,ϯ0.5)͔ and q 2 ϭϪq 1 gives the similar results ͑see Fig. 9͒ . The collision of the solitons with the charges q 1 ϭ(Ϯ1,0) and q 2 ϭϪq 1 leads to the passage of solitons one through another, which is accompanied by insignificant radiation of phonons ͑Fig. 10͒.
The collision of the soliton of the charge q 1 ϭ(q 1,1 ,q 1,2 ) ϭ(0,Ϯ1) with the soliton of the charge q 2 ϭ(q 2,1 ,q 2,2 ) leads to the passage of the solitons one through another if q 1,2 q 2,2 Ͼ0 ͑the soliton velocities and shape do not change͒. In the case q 1,2 q 2,2 Ͻ0 a partial recombination happens. One soliton with the charge qϭ(q 2,1 ,q 1,2 ϩq 2,2 ) is created from the two ones. The collision occurs with intensive radiation of phonons. The formation of the breatherlike localized torsional vibration of the chain is also possible ͑Fig. 11͒. The partial recombination occurs under the collision of the solitons with the charges q 1 ϭ(Ϯ1,0) and q 2 ϭ(ϯ0.5,Ϯ0.5) as shown in Fig. 12 .
The solitons with the charges q 1 ϭ(0,Ϯ1) and q 2 ϭ (Ϯ1,0) during their collision form two solitons with the charge qϭ(Ϯ0.5,Ϯ0.5). The collision is accompanied by radiation of phonons and leads to the change of the type of solitons ͑see Fig. 13͒ .
VII. STABILITY OF TOPOLOGICAL SOLITONS WITH RESPECT TO THERMAL VIBRATIONS OF THE CHAIN
Dynamics of a thermalized chain consisting of N sites is described by the system of the Langevin equations 
where the Hamiltonian of the system H is given by Eq. ͑1͒, n , n , and n are random normally distributed forces describing the interaction of the nth molecule with a thermal bath, the coefficient of friction is ⌫ϭ1/t r with t r being the relaxation time of the velocity of the molecule. The random forces n , n , and n have the correlation functions
where k B is Boltzmann's constant and T is the temperature of a thermal bath. The system ͑18͒ was integrated numerically by the standard fourth-order Runge-Kutta method with a constant step of integration ⌬t. Numerically, the delta function was represented as ␦(t)ϭ0 for ͉t͉Ͼ⌬t/2 and ␦(t)ϭ1/⌬t for ͉t͉ Ͻ⌬t/2, i.e., the step of numerical integration corresponded to the correlation time of the random force. In order to use the Langevin equation, it is necessary that ⌬tӶt r . Therefore we chose ⌬tϭ0.002 ps and the relaxation time t r ϭ10t a ϭ0.1633 ps.
Let us study the soliton dynamics in the chain consisting of Nϭ1000 segments with the fixed ends. The initial conditions correspond to a stationary topological soliton.
It is obvious that the solitons, the formation of which is due to the shift of the chain ͑topological charge q 1 0), are stable with respect to thermal vibrations. Their stability has topological features: for their breaking it is necessary to move half of the chain segments by one (q 1 ϭϮ0.5) or two (q 1 ϭϮ1) periods. The numerical integration of the equations of motion ͑18͒ has shown that at temperature Tϭ300 K the thermal vibrations can lead only to the Brownian motion of the solitons along the chain.
The solitons created only by a torsion of the chain ͑topo-logical charge is given by q 1 ϭ0 and q 2 ϭϮ1) may be unstable with respect to thermal vibrations. Indeed, the torsion of one segment of the chain by 360°transfers it to the initial state. Therefore for breaking this defect it is sufficient to twist only a finite number of segments. Such defects in a thermalized chain have a finite time of life that decreases exponentially with increasing the temperature of a thermal bath. Numerical modeling has shown that under the temperature Tϭ100 K the defect with the topological charge q ϭ(0,Ϯ1) turns out to be stable during all the time of the numerical experiment tϭ1000 ps, but at Tϭ300 K the time of life of this defect was only 3 ps. Figure 14 demonstrates the process of breaking the defect. At the initial time tϭ0 ps the defect has a smooth solitonlike form corresponding to a smooth torsion of the trans-zigzag backbone ͓see Fig. 14͑a͔͒ . The thermal vibrations lead to gradual decreasing the soliton width. At tϭ2 ps the soliton width decreased approximately two times ͓Fig. 14͑b͔͒ while at tϭ3 ps the width became equal to one site ͓Fig. 14͑c͔͒. This means that the defect disappeared ͑all the chain segments appeared in the equivalent states͒.
VIII. THERMALLY ACTIVATED FORMATION OF TOPOLOGICAL SOLITONS
To model the formation of topological solitons in an infinite thermalized chain, the cyclic chain of Nϭ500 segments was considered. The ground state u n ϭ0, v n ϭ0, w n ϭ0, n ϭ1,2, . . . ,N, has been accepted as an initial condition. The system of equations of motion ͑18͒ was integrated numerically during the time tϭ1000 ps.
It is convenient to describe the degree of chain thermalization by the instant dimensionless temperature
the instant dimensionless thermal capacity c E (t) ϭH(t)/3Nk B T, and their averaged values
The dependences C E and C T on the temperature of a thermal bath are presented in Fig. 15 . The dimensionless temperature of the chain C T practically always remains near unity and this confirms the validity of the procedure of thermalization. The dimensionless thermal capacity increases monotonically with the growth of temperature. At small values of temperature the thermal capacity is close to unity, so that this emphasizes ''harmonicity'' of vibrations. With the growth of temperature, the amplitude of vibrations increases and therefore the effect of nonlinearity ͑''anharmonicity''͒ of vibrations becomes stronger. The growth of C E reflects strengthening this nonlinear effect in the thermal capacity of the system.
At Tϭ400 K the vibration of the chain becomes essentially nonlinear and at Tϭ425 K the local topological defects of stretching and torsion ͓topological solitons with the charges qϭ(Ϯ0.5,Ϯ0.5)] appear. The further growth of temperature leads to increasing the density of the defects of this type as shown in Fig. 16 . Defects of the other type do not arise. The absence of the defects of pure torsion may be explained by their short time of life under high temperature. The absence of defects of pure stretching ͑compression͒ is concerned with the topology of the trans-zigzag backbone ͑the energy of formation of a defect pair of the former type insignificantly exceeds that of the solitons of the latter type͒. One can conclude that the solitons of the first type can be formed only due to the interaction of the solitons of the second type. Therefore the density of the defects of the first type has to be much less than that of the second type.
As follows from Fig. 15 , the dimensionless thermal capacity C E increases sharply near Tϭ425 K. This behavior is due to the accumulation of the local topological defects of the second type in the chain. The phase transition of the first order, i.e., the change of the conformation of the chain, takes place. It is interesting to note that this value of temperature almost coincides with the melting point of the PE crystal: T 0 ϭ420 K. Thermodynamical studies of the premelting of the PE crystal 23 have revealed that the first stage of this process is connected with the appearance of longitudinal and torsional mobilities of the chains without their folding. Such a mobility can be realized for a given chain without essential deformations of the neighboring chains and may be studied in the approximation of ''immobile neighbors.'' Therefore the accumulation of the topological defects of the second type can be considered as an initial mechanism of premelting the PE crystal. Further accumulation of such topological defects will result in dewetting the chains. Modeling this process requires more complicated models taking into account the mobility of neighboring chains.
IX. CONCLUSIONS
Taking into account the interaction of each molecule with the six neighboring molecules in a PE crystal, without any change of conclusions concerning the existence of the topological solitons in the crystal, allows us to obtain the more detailed information about nonlinear collective excitations of this type. It has been shown that the three types of topological solitons can exist at realistic parameter values of the interaction potentials in the crystal: stretching ͑compressional͒ solitons, the solitons of stretching ͑compression͒ and torsion, and the torsional solutions. All these solitons have the continuum spectra of velocities in the subsonic region. The most extended of them ͑40-50 chain segments͒ are the stretching solitons. The solitons describing one local torsion of the trans-zigzag backbone have two times shorter length. The most massive quasiparticle ͑the rest mass is of 1.4 proton mass͒ is the soliton of torsion, the other solitons have the twice lighter mass ͑0.72-0.8 proton mass͒. The torsional solitons possess also the largest energy of formation of a pair of solitons of different signs (у148 kJ/mol͒. The energy of formation of a pair of the stretching and compression solitons is у90 kJ/mol, and the energy of formation of a pair of the stretching and torsional solitons and a pair of the compressional and torsional solitons is у81 kJ/mol. All the solitons have continuum spectra in the subsonic region. They are dynamically stable and propagate with constant velocity retaining their profile.
The numerical modeling of the dynamics of the thermalized chain of crystalline PE has shown that the thermal vibrations can lead to formation of only one type of local mobile defects, namely, the topological solitons corresponding to stretching ͑compression͒ of the zigzag chain by one half of the period of one chain accompanied by the torsion with 180°. The solitons with the pure stretching ͑compression͒ can be formed due to the interaction of the solitons of the former type only. Both these types of defects are topologically stable with respect to thermal vibrations of the chain. In a thermalized chain the defects can be formed as the pairs of the topological solitons of opposite signs and they propagate as Brownian particles. The solitons corresponding to the torsion of the chain by 360°are unstable with respect to thermal vibrations; they have a finite lifetime that exponentially decreases with the growth of temperature. The density of topological defects starts to grow sharply near the melting point that allows one to consider their accumulation as an initial mechanism of premelting the PE crystal. 
